We investigated the most effective rocking motion for inducing sleep in adults. We prepared ten types of rocking motions, including two types of mother's rocking motions. The sleep-inducing effect of all the rocking motions was evaluated using Thurstone's paired comparison method (Case V). From statistical analysis of the subjective experimental results we found that, of the ten types of rocking motions, the linear motion component of a mother's rocking motions (Type 2) was the most effective for inducing sleep in adults.
Introduction
Recently, the number of people suffering from high levels of stress has increased, a phenomenon that has been called a stressful society. 1 Every year, more and more people suffer from stress-related illnesses. Moreover, sleep disorders are becoming more widespread in modern society because stress is one of the causes of insomnia. In nursing homes, it is a large burden for caregivers to assist patients to ensure the wellbeing of people who suffer from these problems. 2 Therefore, stress reduction and sleep induction are necessary for many people in modern society. It is generally known that when a baby is embraced and rocked by his or her mother, the baby feels comfortable and falls asleep quickly. Therefore, we hypothesized that a rocking motion simulating a mother's embrace and rocking motion would have the same effects on adults. Against this background, the aim of our project is to develop a relaxation machine for reducing stress and inducing sleep by using a rocking motion simulating that of a mother. We expect that our research results will be used for other relaxation systems or robots in the future, for example the Robot for Interactive Body Assistance (RIBA), which is designed to assist caregivers by lifting patients in and out of their beds and wheelchairs. 3 In our previous study, we analyzed a mother's embrace and rocking motion, and we designed and constructed an excitation apparatus simulating a mother's rocking motion. We found that there are two types of rocking motions given by a mother, and we constructed two models of these rocking motions. 4 From analysis of brain signals and subjective assessment, we found that the mother's rocking motions were more effective for inducing sleep in two healthy adults than in the case without rocking. 5 However, there were two problems with that study. One is that the number of subjects was small, and the other is that the sleepinducing effects of different rocking motions have to be investigated.
In the work described in this paper, in addition to the two types of mother's rocking motions mentioned above, we prepared eight types of rocking motions to find the rocking motion that is most effective for inducing sleep in adults. We performed three experiments and evaluated the sleep-inducing effect by using Thurstone's paired comparison method.
Excitation apparatus simulating a mother's rocking motion
In our previous work we analyzed a mother's embrace and rocking motion to identify the features of the motion. From the results, we modeled a mother's rocking motion. The model of a mother's rocking motion is represented by (t) are the position and the angle of the center of gravity of the baby, respectively, and B  was determined from the angle of a comfortable sitting position reported in Ref. 6 . Then, we realized this rocking motion using the excitation apparatus shown in Fig. 1 . The excitation apparatus has two degrees of freedom, one for linear motion and one for rotational motion. The rocking chair is driven by a linear motor and a rotary motor. The rotary motor is connected to the chair through a timing belt for rotation. The drive systems of the excitation apparatus are composed of speed-reference-type servo amplifiers for the linear and rotary motors, linear and rotary encoders, and a DSP board (dSPACE DS1104). The DSP board is used to implement the controllers for the linear and rotary motors. We designed controllers for the excitation apparatus using PD control and feed-forward control in order to simulate a mother's rocking motions in the excitation apparatus.
Experimental method
We performed experiments for finding the mosteffective rocking motion for inducing sleep. The sleepinducing effect of each rocking motion was evaluated on a numerical scale using Thurstone's paired comparison method (Case V) 7, 8 . We verified the validity of adopting this method by using Mosteller's goodnessof-fit test. Moreover, we evaluated the confidence of the scale values.
The subjects were nine healthy males (average age, 25.4 years). The subjects wore ear muffs for sound insulation during the experiment, had their eyes closed, and rested in a supine position on the chair which was rocked by the excitation apparatus. The experimental protocol is shown in Fig. 2 . R1, R2, R3, and R4 denote the types of rocking motions used in the experiment. After every two rocking motions, the subjects answered the question, "Which of the two rocking motions was more effective for inducing sleep?". The evaluation was performed with six different combinations of four rocking motions for each experiment. In order to reduce the influence of an order effect, we divided the subjects into two groups and used six combinations (Types R1and R2, Types R1 and R3, Types R1 and R4, Types R2 and R3, Types R2 and R4, and Types R3 and R4) in two different orders, namely, Procedure 1 and Procedure 2, as shown in Fig. 2 .
Experiments
We performed three different experiments, Experiments I, II, and III, which are detailed below.
Rocking motions used in Experiment I
We prepared four types of rocking motions, namely two types of mother's rocking motions (Type 1 and Type 2), a rocking motion imitating the motion of a rocking chair (Type 3), and a rocking motion that has a high correlation with motion sickness (Type 4). In Fig. 2, R1 , R2, R3, and R4 correspond to Type 1, Type 2, Type 3, and Type 4, respectively. Type 3 was added to the candidates because a rocking chair is known to have a relaxation effect. 9 Type 4 was added to the candidates as an uncomfortable rocking motion in this comparative study. The parameters of Type 1, Type 2, and Type 4 are shown in Table 1 .
In order to produce the motion of a rocking chair shown in Fig. 3 , we first measured the motion of an actual rocking chair by using a 3D motion capture system (Motion Analysis) when an adult male was seated in the rocking chair. Type 3 is the rocking motion produced after the experimenter lowered the backrest of the rocking chair and released it. The motion of the rocking chair consists only of rotary motion. We set the amplitude of the rotary motion to as large a value as possible within a range that was comfortable for the subject. Moreover, the rotary angle in the steady state was set to 25 degrees, which is the same as the angle determined from the angle of a comfortable sitting position reported in Ref. 6 . The Type 3 rocking motion is shown in Fig. 4 . The Type 4 rocking motion is represented by Eq. (1). The frequency was determined to be 0.063 Hz, which has been shown to have a high correlation with motion sickness 10 . The amplitude was determined so that the acceleration was almost the same as those of other rocking motions and within the range of acceleration that can be produced by the excitation Published by Atlantis Press Copyright: the authorsapparatus. The parameters of the Type 4 motion are also shown in Table 1 .
Results in Experiment I
From the results of the paired comparison method, we obtained the frequency distribution matrix shown in Table 2 . Table 2 shows the number of subjects who offered the response "The first rocking motion was more effective for inducing sleep than the second rocking motion". The first and second rocking motions are shown in the rows and columns of Table 2 , respectively. The scale values for the sleep-inducing effect of the rocking motions were derived by applying Thurstone's paired comparison method (Case V) to Table 2 . The scale values are shown in Table 3 . From Table 3 , we can rank the four types of rocking motions based on their sleep-inducing effects as follows:
Type 2 ＞ Type 1 ＞ Type 3 ＞ Type 4.
Moreover, we verified the validity of adopting Thurstone's paired comparison method (Case V) by using Mosteller's goodness-of-fit test. The goodness-offit,  2 , was 3.52, and the flexibility, df, was 3 , meaning that a 5% significance level was not rejected. Therefore, Thurstone's paired comparison method (Case V) can be adopted for evaluating the sleep-inducing effect.
We examined the significant differences between the four rocking motions by using the method proposed in Ref. 11 . The result is shown in Fig. 5 . We found that the 95% confidence interval of Type 1 overlapped with that of Type 3. The combination of Type 1 and Type 3 showed no significant difference, whereas the other five combinations showed significant differences. In other words, of the four types of rocking motions, we found that Type 2 was the most effective for inducing sleep in adults and Type 4 was the least effective. 
Rocking motions used in experiment II
We prepared three types of rocking motions, namely Type 5, Type 6 and Type 7, in addition to Type 2. In Fig. 2, R1 , R2, R3, and R4 correspond to Type 2, Type 5, Type 6, and Type 7, respectively. Type 5 was a rocking motion based on one given to a 5 kg baby in another study 5 , and Type 6 was a rocking motion based 
on one given to a 7 kg baby in the same study. More details of these rocking motions are shown in Ref. 5 . Type 7 was the same as Type 2 except for the phase, which differed by 180 deg. These parameters are shown in Table 4 . Figure 6 shows the scale values and the 95% confidence intervals for the sleep-inducing effect of the rocking motions obtained using Thurstone's paired comparison method (Case V) and the method proposed in Ref. 11 . From the scale values in Fig. 6 , we can rank the four types of rocking motions based on their sleep-inducing effects as follows:
Results in Experiment II
Type 2 ＞ Type 6 ＞ Type 5 ＞ Type 7.
Moreover, the validity of adopting Thurstone's paired comparison method (Case V) for evaluating the sleepinducing effects was confirmed in the same way as in Experiment I. In Fig. 6 , the combination of Type 2 and Type 7 showed a significant difference, whereas the other five combinations showed no significant differences. We concluded that, of the four types of rocking motions, Type 2 was the most effective for inducing sleep in adults. As for the reason why no significant differences appeared, we considered that the evaluations were uneven because it was difficult for subjects to discriminate the small differences in the frequency and amplitude. In this situation, Type 7 was chosen as the least effective rocking motion. With the Type 7 motion, the subjects reported slight motion sickness. 
Rocking motions used in Experiment III
In order to find a more effective rocking motion for inducing sleep, in Experiment III, we focused on the components of the Type 2 motion. We prepared three types of rocking motions, namely, Type 8, Type 9 and Type 10, in addition to Type 2. In Fig. 2 Moreover, the validity of adopting Thurstone's paired comparison method (Case V) for evaluating the sleepinducing effect was confirmed in the same way as in Experiment I.
Results in Experiment III
In Fig. 7 , the three combinations including Type 9 (Types 2 and 9, Types 8 and 9, and Types 9 and 10) showed significant differences, whereas the other three combinations showed no significant differences. However, there is a significant difference in the combination of Type 8 and Type 10 if the confidence interval is changed to 80% instead of 95%. Therefore, of the four types of rocking motions, we concluded that Type 8 is the most effective for inducing sleep in adults. The reason why Type 9 was identified as the least effective rocking motion was that the acceleration of Type 9 is too large, based on the subjects' opinions. We found that the acceleration was related to the effective motion for inducing sleep. 
Conclusion
From subjective experimental results, we found that, of the ten types of rocking motions examined, the linear motion component of a mother's rocking motion (Type 2) was the most effective rocking motion for inducing sleep in adults.
In future work, we plan to confirm that the Type 8 rocking motion, which is the linear motion component of a mother's rocking motion (Type 2), is effective for inducing sleep and reducing stress in adults by using electroencephalogram (EGG) analysis. We will also compare the Type 8 rocking motion and aromatherapy, which is a popular natural way of inducing sleep and bringing about relaxation.
